Abstract-In this paper, a scaled measurement system designed for wireless channel characterization is proposed and discussed, and experimental results are reported. The system consists of a vector network analyzer, miniaturized -band transmitter and receiver probes, scaled buildings, and a precise computer-controlled positioner. The scaled propagation measurement system is designed to operate coherently at the 90.8-92.8-GHz band, and it provides a dynamic range of 85 dB. As the measurement wavelength in this system (=3 mm) is approximately two orders of magnitude smaller than the actual wavelength in most commercial and military wireless systems, a typical dimension of the propagation environment can be smaller than the actual environment proportionally. Hence, propagation measurements can be done very efficiently under laboratory conditions using a scaled model of a city block. This system is intended for verifying the results of wave-propagation prediction software. It can also be used to investigate scattering models for different types of buildings and complex objects, data collection for wireless communication, and many other studies such as diversity methods (frequency and polarization).
Deterministic methods are based on the physics of the environment and wave-propagation phenomena such as reflection, transmission, and diffraction. These methods are generally applicable to any arbitrary environment and are especially useful for microcellular and pico-cellular environments where statistical models fail as the channel is highly correlated to the environment. Propagation model verification using measured data is a very difficult task considering that all dimensions, coordinates, and dielectric properties of the scatterers in the environment must be measured and ported to the simulator code. Since these cannot be measured accurately, there remains a wide range of uncertainties in the simulation result.
An alternate approach to time-consuming and expensive outdoor measurements is the scaled measurement system proposed and discussed in this paper. This system allows accurate measurement of well-defined channels under a controlled laboratory environment. Scaled systems have been used to characterize performance of antennas on large platforms such as ships and airplanes [6] . However, the literature concerning scaled measurements for characterizing coherent wave propagation is scarce. In [7] and [8] , a fixed scaled system, operating at 25 GHz, is reported for measuring wave transmission over simple two-dimensional (2-D) rectangular cylinders. In this paper, a sophisticated millimeter-wave scaled propagation measurement system (SPMS), the concept of which we presented in [9] , is designed to measure all desired channel parameters over a realistic scaled urban environment. Confining the desired range of frequency to systems operating at UHF to the -band (0.5-2 GHz), dimensions of scatterers and terrain features in the scaled propagation channel can be reduced by a factor of 50-200 for the proposed SPMS that operates at around 100 GHz. This reduction brings the size of buildings from meters to centimeters so a scaled model of a city block can easily fit into a laboratory, and measurements can be done quickly, accurately, and cost effectively.
In what follows, the block diagrams and main components of the SPMS are first presented, and then the design, fabrication, and performance of individual elements will be described. The overall system specifications are demonstrated last. Fig. 1 shows the main components of the -band SPMS. The system includes an --probe positioner, scaled model of a city block, miniaturized -band transmitter and receiver probes, and a vector network analyzer. The network analyzer in the SPMS is used for signal processing and data acquisition. Therefore, the setup is configured to characterize the propagation channel in a manner similar to the standard measure- ment. The network analyzer allows for coherent and broad-band path loss measurement with a wide dynamic range. The timedomain features of the network analyzer also allow for measuring the power delay profile, which makes the SPMS unique in channel modeling. In order to move the receiver probe with the required accuracy (to within a fraction of the wavelength 3 mm) for measuring fast fading and slow fading statistics, a computer-controlled table has been designed and built. As the operating frequency of the network analyzer ( -band) is different from the required SPMS frequency ( -band), an up-converter and down-converter has been designed and fabricated as part of the transmitter and receiver probes, respectively. To minimize the interaction of the probes with their environment, they must be designed as small as possible. Miniaturized transmitter and receiver probe designs are presented in the following sections.
II. MILLIMETER-WAVE SPMS BLOCKS
III.
-BAND TRANSCEIVERS As mentioned earlier, the signal from the network analyzer is up-converted and down-converted between the -and -bands by the transmitter and receiver probes. Fig. 2 shows the block diagrams of the transmitter and receiver probes. As shown in the upper branch, the IF signal from the output of the network analyzer is mixed with the local-oscillator (LO) signal in a subharmonic mixer to generate the transmitter signal. This signal contains all harmonics of the form . The desired harmonic, which results from mixing the fourth harmonic of the LO signal and IF signal, is selected by the RF filter for transmission. It is then amplified and transmitted. At the receiver, the RF signal captured by the antenna is amplified before down-conversion at the receiver subharmonic mixer. The desired IF signal is then selected by the IF filter and delivered to port 2 of the network analyzer after IF amplification (not shown). Subharmonic mixers are used to allow for stepped frequency operation without need for distributing a common -band LO to mobile transmitter and receiver probes. The common LO at 23.7 GHz for the subharmonic mixers is distributed by high-quality flexible coaxial cables. The use of a common LO allows for coherent measurement, as well as reduction of the network analyzer's IF bandwidth to its minimum value (10 Hz for HP8720D). Narrow IF bandwidth reduces the noise level and permits measuring signals at very low power levels (around 110 dBm for HP8720D). The local signal source in the SPMS is generated by a dielectric-resonator oscillator that has a frequency variation of 6 kHz C and a phase noise of 86 dBc/Hz at 10-kHz offset from the center frequency that provides the required conditions.
The transceiver circuit was fabricated on a 10-mil 250-m -thick quartz wafer. As the width of a 50-microstrip line on available substrates becomes comparable with the wavelength at -band frequencies, microstrip lines become inappropriate for circuit design. To be compatible with the test setup, the circuit was also designed and fabricated using coplanar waveguide (CPW) lines. The fabrication processes were performed in The University of Michigan at Ann Arbor's clean room, using the wet-etching technique on 3-m electroplated gold on the quartz wafer. The skin depth for the RF, LO, and IF frequencies are 0.26, 0.52, and 1.5 m, respectively. The gold thickness is marginally sufficient for the IF signal, but as will be shown, the minimum feature size in the circuits is 10 m, which limits the thickness of the plated gold that can be used. Fortunately, insufficient metal thickness does not degrade the circuit performance because, in this miniaturized circuit, the IF signal path on the circuit is just 2.5 mm, which is smaller than . Therefore, the associated metallic loss is negligible.
The simulation results in the following sections were performed by ADS Momentum for the passive elements, and a harmonic-balance simulator for nonlinear analysis of the subharmonic mixer. The measurements were realized using a probe station (for on-wafer measurements), HP-8510C network analyzer, HP-W85104A millimeter-wave test setup, HP-8562A spectrum analyzer, and HP-11970W waveguide harmonic mixer.
A. IF Filter
The IF filter is placed to isolate the IF and RF signals in order to improve the subharmonic mixer's efficiency. There are many topologies that can be used for this filter. However, to minimize the size, a low-pass filter constructed from a quarter-wavelength high-impedance line terminated by an inter-digital capacitor is used. For this simple filter, the higher the capacitance and line impedance, the lower the RF signal leakage to the IF port. Hence, the aim is to increase the capacitance and the line impedance as much as possible. However, these two parameters are limited by the minimum achievable feature size in the fabrication process, which is approximately 10 m. Fig. 3 shows the IF filter layout. For the specified dimensions in this figure, a line impedance of 145 and an interdigital capacitance of 75 fF with a quality factor of ten at the -band are achieved. The method of moments (MoM) simulation and the measured transmission coefficient and return loss for the IF filter are plotted in Fig. 4 , where excellent agreement is shown. There are no measured data between 40-75 GHz. The maximum insertion loss of this filter at the IF signal is less than 0.1 dB, and its return loss is less than 24 dB over the desired IF frequency range. The isolation between the RF and IF signals is more than 12 dB.
B. RF Filter
The RF filter is intended for selecting the desired harmonic of the mixed IF and LO signals generated by the subharmonic mixer. It also prevents IF signal leakage to the RF port, which improves the conversion loss of the subharmonic mixer used for up-conversion and down-conversion. However, in the transmitter probe, in addition to RF-IF isolation, this filter should reject strong and undesired harmonics like the third and fifth harmonics of the LO to keep the RF amplifier from saturation. In order to achieve all of the above-mentioned features, the RF filter is made of two cascaded bandpass filters. compact size, and high impedance at the IF frequency. Fig. 6 shows the simulated and measured and of this filter as a function of frequency. As can be seen, this filter provides more than 50 dB of IF-to-RF isolation and has an insertion loss of less than 0.5 dB and a return loss of less than 25 dB at the RF frequency range. 2) Second Stage: In order to generate a spurious-free RF signal and also prevent saturation of the RF amplifier by the undesired strong LO harmonics ( at 71.1 GHz and at 118.5 GHz), created by the subharmonic mixer, a second stage of the RF filter is designed. The second stage is constructed from two-section inductively coupled resonators [10] , [11] , whose circuit model and topology are, respectively, shown in Figs. 7 and 8. The inductive coupling between the resonators is achieved by symmetric short-circuited CPW line stubs, as shown in Fig. 9(a) . A simple method to calculate the inductance of these stubs is the classical formula for ribbon inductors [10] nH (1) where and (in centimeters), are the width and length of the inductor, respectively. However, the accuracy of this formula is quite poor with errors often greater than 100%. Therefore, to extract an accurate effective inductance of these short stubs, the MoM simulated -parameters of the stubs, shown in Fig. 9(a) , are compared with its circuit model [shown in Fig. 9(b) ]. Table I shows the calculated inductances using (1) and the extracted values from the MoM simulation. The MoM results are used in the final design and, as will be shown, they lead to excellent agreement between the measured and simulated filter responses.
In order to provide the required out-of-band rejection and minimum insertion loss simultaneously, a two-pole filter is found to be the optimum choice. The design of this filter began with the corresponding low-pass element values . Using (2)- (4), and are then calculated [10] as follows:
(2) (4) where and are the characteristic impedance of the CPW line and port impedances, respectively. In this design, both are chosen to be 50 . In (3), , , and are the center, lower cutoff, and higher cutoff angular frequencies. A photograph of the fabricated filter is shown in Fig. 8 . Fig. 10 shows the simulated and measured filter responses. The magnetic current concept is used in the MoM simulation for fast computation and more accurate excitation of CPW structures. As such, conductive loss is not modeled. This effect was considered in simulation by extracting inductors and CPW line parameters from measured results and was used in the simulations. Fig. 10 shows the filter rejection at and to be more than 35 dB. The closest undesired harmonic to the RF signal, which is the upper sideband of the up-converted IF signal GHz , is also at least 30 dB attenuated through two such filters at the transmitter and receiver probes totally. This ensures that the SPMS is able to measure fading depth at least as low as 30 dB.
C. Subharmonic Mixer
The conversion loss and noise performance of a millimeter-wave mixer usually is limited by insufficient LO power or by excessive LO noise [12] . Generally mixers are pumped at a half or quarter of the required LO frequency. The major disadvantage of this technique is a higher conversion loss compared to fundamental mixers. Considering the transmitter probe's block diagrams, the extra conversion loss of the subharmonic mixer is tolerable as long as the up-converted signal power reaches to the minimum input power to achieve maximum distortion-free output power of the RF amplifier, which, in this case, is 24 dBm.
An antiparallel diode pair is a common choice for subharmonic mixers [12] . The reason is the symmetrical V-I characteristic of the antiparallel diodes that suppresses the fundamental and even harmonics mixing product of the LO and RF (or IF) signal. It should be noted that proper operation of the subharmonic mixer depends on the similarity of the two back-to-back diodes. In our design, we have used a GaAs flip-chip Schottky antiparallel diode pair manufactured by MACOM, Lowell, MA. The specifications of these diodes are given in Table II .
In order to improve the conversion loss of the mixer, the mixing product near the second harmonic of the LO signal must be reactively terminated. Therefore, two quarter-wavelength open stubs centered at are placed at both sides of the antiparallel diodes to suppress the associated harmonics with the second harmonic of the LO signal. As mentioned earlier, the RF and IF filters prevent IF and RF signal leakage to the RF and IF ports, respectively. A quarter-wavelength short stub at the LO frequency, which acts as an open circuit for the LO signal and a short circuit for the IF and RF signals, is also placed at the LO side of the subharmonic mixer to block IF and RF signals leakage to the LO port. The subharmonic mixer circuit is optimized for the best conversion loss, large signal matching at all ports, and minimum size. Fig. 11 shows the subharmonic mixer layout with the IF and the first stage of the RF filters. Wire bonds are placed at all discontinuities to suppress undesired slot modes on the CPW line.
The simulation and measured output RF power of the up-converter and conversion loss are shown in Figs. 12 and 13, respectively. As can be seen, the maximum up-converted signal power is sufficient to provide the RF amplifier with the required input power for maximum output. The maximum spurious level of the RF signal in the SMPS is shown in Fig. 14 , where it is shown that the average maximum spurious level is 40 dBc. This allows for measurement of fading depths as low as 40 dB. The down-converter used in the receiver probe has the same topology as the up-converter with similar performance characteristics. 
D. RF Amplifier
In order to compensate for the conversion losses of the up-converter and down-converter, a -band amplifier is used in each probe. The amplifier chip is mounted on the circuit using silver epoxy. The input and output of the chip and dc contacts are connected to the circuit using gold wire bonds. In the desired RF frequency range, the amplifier has a gain of 27-29 dB and a noise figure of 4 dB. Fig. 15 shows the amplifier gain, noise figure, and its input and output return losses.
E. Antennas
The main goal of the millimeter-wave scaled measurement system is to characterize propagation channels under laboratory conditions. In order to accomplish this properly, the transmit and receive antennas should have broad beam patterns. A monopole antenna is chosen for this purpose. As the monopole above a finite ground surface of the package is not automatically matched, a quarter-wavelength transmission line is used to match the antenna to the circuit. Fig. 16 shows the antenna and matching line between the antenna and RF amplifier. The simulated gain patterns of this antenna, above the packaged circuit, at -and -planes are shown in Fig. 17(a) and (b) , respectively. 
F. Packaging
The required accuracy in package dimensions has to be of the same order of the circuit elements that are connected to the package. For example, in a -band system, an error as small as 10 m in the antenna's position can change its resonant frequency by approximately 2 GHz and cause mismatching. A metallic package is designed using AutoCAD. In order to achieve the desired accuracy, the package was milled at The University of Michigan at Ann Arbor's space research machine shop, using a high precision HAAS, Tool Room Model CNC machine with tolerances less than 2.5 m. The fabricated circuit on the quartz substrate was diced using an automatic dicing saw and then, together with 2.4-mm coaxial connectors for the IF and LO ports, was assembled with the aluminum package. The LO and IF 2.4-mm connector pins are connected to the circuit using silver epoxy. Fig. 18 shows the packaged probe against a quarter.
IV. SCALED BUILDINGS MODELS
As mentioned earlier, SPMS is designed to evaluate the performance of physics-based propagation models. As such, beside electronic precision for signal amplitude and phase measurement over a wide dynamic range, accurate rendition of the environment is also important. This includes accurate knowledge of geometrical features of scatterers (like buildings), as well as their material properties. To accommodate these features, scaled buildings and other scatterers with an arbitrary degree of complexity and well-characterized dielectric properties are used.
A precise three-dimensional (3-D) printer is used to make scaled buildings. This printer can use different materials and can make any building with any desired fine features. Any standard computer-aided design (CAD) software can be used to draw the buildings and export the geometry file for the 3-D printer. Fig.19 (a) and (b) shows the CAD model of a scaled building and actual building printed by the 3-D printer. Fig. 20 shows the first version of a scaled city block with simple building structures. It can be seen that the scaled city has a flexible grid, which is designed to help make an arbitrary arrangement of the blocks including roads, sidewalks, cars, and buildings.
V. DIELECTRIC MEASUREMENT Dielectric properties of scatterers are needed for numerical simulation of wave propagation. Hence, the material used to make the blocks must be characterized at -band frequencies. In this study, different techniques are used to characterize the real and imaginary parts of the dielectric constant of the material used in constructing the scaled buildings over a wide range of frequency. The first method is based on capacitor measurements at the -band and below. 1 The second method uses transmission and reflection measurements in a WR-90 -band waveguide [13] . The third dielectric measurement is done at the -band using transmission measurement through a dielectric slab at different incidence angles, and reflection measurement of the back metal dielectric slab [14] . The lower frequency dielectric measurements are mainly done to verify the measured results at the -band. The measurement results for two different samples are shown in Table III . The permittivity of material used in construction of the scaled buildings resembles those of bricks and concrete.
VI. -TABLE A computer-controlled -table that places the receiver probe at any arbitrary position within a 1.5 m 1.5 m area was designed and built. The system includes a motion control card, two step motors, power amplifiers, an encoder, and drivers. The computer issues commands to the motion control card, which, in turn, triggers the power amplifier to drive the motor. An optical encoder attached to each motor sends the position and velocity data back to the computer. The computer uses this information to control the probe movement. The system placement is accurate within 0.25 mm. This is acceptable accuracy even for fast fading measurements at the RF frequency range (90. at which the wavelength is approximately 3.3 mm. Fig. 21 shows the block diagram of the -table system.
VII. CONCLUSION
The design and fabrication of a -band coherent transmission measurement system for measuring characteristics of wireless channels under laboratory conditions has been presented. The signal frequency of the transmission system is chosen to be much higher than most commercial and military wireless systems so that the size of the scatterers can be made sufficiently small. Frequency scaling from the -to the -band allows for size reduction (scaling) of a city block down to two orders of magnitude. First, the overall system concept was introduced and the specifications of each system block were determined. Each system block was then fabricated, tested, and incorporated into the transmitter and receiver probes of the scaled measurement system. The proposed system offers unique capabilities including polarimetric and coherent path loss measurement within a very large dynamic range, accurate determination of fast and slow fading statistics, and characterization of the channel time-delay profile. These system capabilities are envisioned for verifying the accuracy of wave existing propagation channel simulators, developing scattering models and macro-models for different types of buildings and complex objects used for physics-based wave-propagation simulators, and data collection for wireless communication. 
